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ABSTRACT
The Beyond Ultra-deep Frontier Fields and Legacy Observations (BUFFALO) is a 101 orbit + 101
parallel Cycle 25 Hubble Space Telescope Treasury program taking data from 2018-2020. BUFFALO
will expand existing coverage of the Hubble Frontier Fields (HFF) in WFC3/IR F105W, F125W, and
F160W and ACS/WFC F606W and F814W around each of the six HFF clusters and flanking fields.
This additional area has not been observed by HST but is already covered by deep multi-wavelength
datasets, including Spitzer and Chandra. As with the original HFF program, BUFFALO is designed
to take advantage of gravitational lensing from massive clusters to simultaneously find high-redshift
galaxies which would otherwise lie below HST detection limits and model foreground clusters to study
properties of dark matter and galaxy assembly. The expanded area will provide a first opportunity
to study both cosmic variance at high redshift and galaxy assembly in the outskirts of the large HFF
clusters. Five additional orbits are reserved for transient followup. BUFFALO data including mosaics,
value-added catalogs and cluster mass distribution models will be released via MAST on a regular
basis, as the observations and analysis are completed for the six individual clusters.
1. INTRODUCTION
The Beyond Ultra-deep Frontier Fields and Legacy
Observations (BUFFALO) program is a Hubble Trea-
sury program expanding the Hubble Frontier Fields
galaxy cluster to adjacent areas that already benefit
from ultra-deep Spitzer and multi-wavelength coverage.
The program consists of 96 orbits + 96 parallel orbits
in the Frontier Fields and also includes five orbits of
planned supernova followup, based upon expected rates.
The Frontier Fields program (Lotz et al. 2017) arose
out of the realization that the same dataset could be
used to attack two of the most important questions in
astronomy, even though they were seemingly different
topics. Gravitational lensing from massive, foreground
clusters allows the Hubble Space Telescope (HST ) to de-
tect galaxies which would otherwise be too faint. At
the same time, these observations allow us to model
the dark matter distribution in the foreground clusters,
which provides some of the leading constraints on the
properties of dark matter.
BUFFALO will build upon the existing Frontier Fields
programs by significantly broadening the area observed
by Hubble around each of the six Frontier Fields clusters.
BUFFALO will observe four times the area of the exist-
ing Frontier Fields in a tiling centered around the cen-
tral region of each cluster field (and, in parallel, flank-
ing field). BUFFALO will observe these new regions
in five HST filters, including most of the filters used
for the original Frontier Fields program. Observations
over this broader region will provide significant improve-
ments in both our understanding of dark matter and of
high-redshift galaxies.
Both of these studies benefit strongly from the pres-
ence of multi-wavelength data that has been added to
HST by the Spitzer Space Telescope (Werner et al.
2004), the Chandra X-ray Observatory (Weisskopf et al.
2000), the XMM-Newton X-ray Observatory (Jansen
et al. 2001), and other ground-based observatories.
BUFFALO is designed to take advantage of this by
expanding Frontier Fields coverage to fields in which
these other data already exist.
The design benefits additionally from previous HST
studies of high-redshift galaxies (Oesch et al. 2010;
McLure et al. 2010; Finkelstein et al. 2015; Bouwens
et al. 2015, 2016). Their measurements of the high-
redshift luminosity function enable BUFFALO to choose
a depth in five optical and near-infrared pass-bands with
the Advanced Camera for Survey (ACS) and the Wide
Field Camera 3 (WFC3), that is optimized to select the
most luminous galaxies at z > 6 and to study their phys-
ical properties such as stellar masses by fully exploiting
the pre-existing, deep Spitzer/IRAC data around the
Frontier Fields. BUFFALO is thus the logical extension
of the Hubble Frontier Fields program, HFF (Lotz et al.
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2017) as well as previous HST+Spitzer extragalactic
legacy surveys such as GOODS (Giavalisco et al. 2004),
HUDF (Beckwith et al. 2006; Ellis et al. 2013; Illing-
worth et al. 2013; Labbe´ et al. 2015), CANDELS (Gro-
gin et al. 2011; Koekemoer et al. 2011), S-CANDELS
(Ashby et al. 2015), COSMOS (Scoville et al. 2007),
SMUVS (Ashby et al. 2018), BORG/HIPPIES (Trenti
et al. 2011; Yan et al. 2011), CLASH (Postman et al.
2012), SURFS UP (Bradacˇ et al. 2014), or RELICS (Coe
et al. 2019).
The BUFFALO observations and filter choices are
summarized in § 2. The BUFFALO collaboration in-
cludes groups which use a variety of techniques for mass
modeling for individual clusters, as discussed in § 3. In
§ 4, the key science goals for high-redshift galaxy evo-
lution are described. The improvements in our under-
standing of structure evolution and dark matter physics
from expanding the Hubble footprint to a wider area
around these clusters are discussed in § 5. As discussed
in § 6, BUFFALO is also expected to observe a variety of
transient objects, possibly including lensed supernovae.
Planned data products are described in § 7. The survey
program and key results are briefly summarized in § 8.
Analysis presented here uses the AB magnitude sys-
tem (Oke 1974; Gunn & Stryker 1983) and a flat ΛCDM
cosmology with (h,Ωm,ΩΛ) = (0.674, 0.315, 0.685)
(Planck Collaboration et al. 2018) throughout.
2. OBSERVATIONS
The observing strategy for BUFFALO is designed to
increase the area observed by HST around each of the
six Frontier Fields (HFF) clusters (Table 1), with both
ACS/WFC and WFC3/IR cameras, and in many of the
same filter sets used for the HFF program (Fig. 1).
Specifically, each of the six HFF clusters is observed for
a total of 16 orbits, divided into two orients (8 orbits
each) differing by 180 degrees (approximately six months
apart), thereby providing ACS/WFC and WFC3/IR
coverage of both the main cluster field and the paral-
lel field. In addition, each of the 8-orbit orients is di-
vided into two epochs (at 4 orbits per epoch), separated
by about 30 days to enable searches for Type Ia super-
novae in both the main cluster and the parallel field.
Each 4-orbit epoch consists of a 2×2 mosaic across the
field, with a spacing designed to maximize the area cov-
ered by the WFC3/IR detector, thereby covering four
times the area of the original WFC3/IR imaging, for
both the main cluster and the parallel field, in all cases.
The corresponding ACS observations overlap each other
by about half the field of view of ACS, with the result-
ing mosaic covering three times the area of the original
ACS imaging, again for both the main cluster and the
parallel field (Fig. 2).
Once all 16 orbits are obtained for each cluster,
the resulting observations comprise a 2×2 mosaic of
WFC3/IR data in F105W, F125W and F160W, each at
approximately 2/3 orbit depth, utilizing a 4-point dither
to mitigate detector defects and also provide sub-pixel
sampling. The corresponding ACS/WFC observations
consist of F606W at 2/3 orbit depth, and F814W at 4/3
orbit depth, again utilizing a 4-point dither to mitigate
detector defects, provide sub-pixel sampling and step
across the gap between the two chips in ACS. For each
of the six clusters, the final dataset therefore consists
of 160 exposures in total, at 4 exposures per pointing,
over 8 different pointings (4 on the main cluster and 4
on the parallel field), for each of the five ACS/WFC3
filters used in the program.
As each new set of observations were obtained, they
were downloaded and processed with a series of steps
that go beyond the standard STScI pipeline process-
ing. In particular, these additional steps included refin-
ing the astrometry for all exposures to accuracies bet-
ter than milliarcsecond-level, as well as improved back-
ground level estimates and refined cosmic ray rejection,
and improved treatment of time-variable sky and per-
sistence removal for the WFC3/IR detectors. These im-
provements all followed similar procedures to those de-
scribed in Koekemoer et al. (2011), where more details
on these steps are presented. Exposures in the F105W
band are affected by time-varying background signal due
to variable atmospheric emission during the exposure.
As a result, the background of an exposure is higher
and the final depth of the images can be impacted. For
its characteristics, diffuse and extended, this effect can
impact the detection of intracluster light (see § 5.4) in
this band. The BUFFALO image processing corrects
for the time variable background by either subtracting
a constant background for each readout or excluding the
affected frames (see Koekemoer et al. 2013 for more de-
tails on the processing). A preliminary inspection of the
data shows no difference between the intracluster light
maps for the F105W and the other IR bands.
The final products prepared from these procedures in-
cluded full-depth combined mosaics for each filter, as
well as individual exposures necessary for lensing mod-
els, all astrometrically aligned and distortion-rectified
onto a common astrometric pixel grid, which was tied
directly to the GAIA-DR2 absolute astrometric frame
using catalogs provided by M. Nonino (priv. comm).
The final mosaics produced from this process also in-
cluded all other previous HST data obtained on these
The BUFFALO HST Survey 5
Table 1. BUFFALO/Hubble Frontier Fields Clusters and Flanking Fields
Field Center (J2000) Flanking Field Center (J2000)
Abell 370 02:39:52.9 -01:34:36.5 02:40:13.4 01:37:32.8
MACS J0717.5+3745 07:17:34.0 +37:44:49.0 07:17:17.0 +37:49:47.3
MACS J0416.1-2403 04:16:08.9 -24:04:28.7 04:16:33.1 -24:06:48.7
Abell S1063 22:48:44.4 -44:31:48.5 22:49:17.7 -44:32:43.8
Abell 2744 00:14:21.2 -30:23:50.1 00:13:53.6 -30:22:54.3
MACS J1149.5+2223 11:49:36.3 +22:23:58.1 11:49:40.5 +22:18:02.3
Note—Please see Lotz et al. (2017) for additional information about the original Hubble Frontier Fields pointings and cluster
properties.
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Figure 1. HST filter profiles for BUFFALO observations
using ACS and WFC3. BUFFALO uses many of the same
filters as the original Hubble Frontier Fields program, with
2/3 of an orbit depth in WFC3/F105W, WFC3/F125W,
WFC3/F160W, and ACS/F606W and 4/3 orbit depth in
ACS/F814W.
fields in these filters, and therefore are the deepest HST
mosaics available for these fields.
2.1. Analysis Tools and Methods
In order to allow analysis of the intrinsic properties
of background lensed galaxies, the BUFFALO survey
follows the HFF philosophy of releasing high-level data
products through the MAST archive for the scientific
community. The BUFFALO team will produce sev-
eral strong, weak, and joint strong+weak lensing models
from independent teams using different techniques de-
scribed further in § 3. BUFFALO will then deliver mass,
magnification, deflection, and associated error maps for
different redshifts provided by each independent mod-
eling team of the collaboration, as well as weak-lensing
catalogues. An online magnification calculator will also
be available for fast magnification estimates and er-
rors within the modeled field-of-views for each modeling
pipeline.
3. LENSING MASS MODELING
The BUFFALO survey extends the Hubble Space Tele-
scope coverage of the 6 Hubble Frontier Fields (HFF,
Lotz et al. 2017) clusters by a factor of about 4, which
will expand the measurements of the overall mass profile
and substructure characteristics of both the dark and lu-
minous components of galaxy clusters up to∼ 3/4×Rvir.
Recent studies have shown that the shear induced by dis-
tant and massive substructures can extend to the cluster
core (Acebron et al. 2017; Mahler et al. 2018; Lagattuta
et al. 2019), and therefore including them in the over-
all mass modeling can affect the central component of
the model and remove some potential biases. Mahler
et al. (2018) showed that structures in the outskirts of
Abell 2744 found with a weak lensing analysis (Jauzac
et al. 2016a) impact the mass measurements in the clus-
ter core, which in turn affects magnification estimates
of high redshift sources. Lagattuta et al. (2019) studied
Abell 370 by extending the Multi-Unit Spectroscopic Ex-
plorer (MUSE) mosaic around Abell 370 together with
deeper imaging data from the HFF program. Their best-
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Table 2. BUFFALO HST WFC3 and ACS Observing Schedule
Field Visit Numbers Main Cluster Parallel Field Epoch 1 Epoch 2
Abell 370 6A-6H WFC3 ACS 2018 Jul 21-22 2018 Aug 21
6I-6P ACS WFC3 2018 Dec 19 2019 Jan 7
MACS J0717.5+3745 3I-3P ACS WFC3 2018 Oct 2-3 2018 Nov 22
3A-3H WFC3 ACS 2019 Feb 18 2019 Apr 1
MACS J0416.1-2403 2I-2P ACS WFC3 2019 Jan 7 2019 Feb 7
2A-2H WFC3 ACS 2019 Aug 3 2019 Sep 6
Abell S1063 5A-5H WFC3 ACS 2019 Apr 20 2019 May 29
5I-5P ACS WFC3 2019 Oct 2019 Nov
Abell 2744 1I-1P ACS WFC3 2019 May 15 2019 Jul 3
1A-1H WFC3 ACS 2019 Oct - Nov 2019 Nov - Dec
MACS J1149.5+2223 4A-4H WFC3 ACS 2019 Dec 2020 Jan
4I-4P ACS WFC3 2019 Apr 2020 May
fit strong lensing model needed a significantly large ex-
ternal shear term that is thought to come from struc-
tures along the line-of-sight and at larger projected radii
in the lens plane.
Moreover, Acebron et al. (2017) analyzed the impact
of distant and massive substructures on the overall mass
and density profiles reconstruction with HFF -like sim-
ulated clusters (Meneghetti et al. 2017). They found
that the density profile in the outskirts of the cluster
(≥ 600kpc) was underestimated by up to ∼ 30%. In-
cluding the substructures in the modeling helps to better
constrain the mass distribution, with an improvement
between ∼ 5% to ∼ 20% in the most distant regions of
the cluster. Further, the bias introduced by these un-
modeled structures also affected the retrieval of cosmo-
logical parameters with the strong lensing cosmography
technique.
Mapping these structures is essential not only for im-
proving the accuracy of the mass models, but also to
gain a better understanding of the physical properties
governing galaxy clusters. Indeed, as the densest regions
of the Universe and the sites of constant growth due to
their location at the nodes of the cosmic web, galaxy
clusters represent a privileged laboratory for testing the
properties of dark matter and for improving our global
picture of structure evolution. These recent studies have
thus further proven the need for extended data coverage
around galaxy clusters.
With its extended spatial coverage of the HFF clus-
ters, BUFFALO will provide unprecedented weak-
lensing measurements thanks to HST high-resolution
imagery, allowing for precise measurement of the shapes
of weakly-lensed galaxies. The combination of BUF-
FALO weak-lensing and HFF strong-lensing analyses
will provide the most precise mass measurements ever
obtained for those clusters. BUFFALO will detect struc-
tures that can only be significantly detected with HST
weak-lensing. While residing in the cluster outskirts,
they still introduce a significant bias in the mass mea-
surements as explained earlier, and thus on the mag-
nification estimates that are crucial for high redshift
studies.
Following the success of a similar program with the
original HFF observations, the lensing profile in BUF-
FALO will be modeled by several independent teams,
with each result released for public use (§ 4). The
aim of the BUFFALO mass modeling challenge is to
bring a better understanding of the behaviour of these
clusters as well as on the different systematic errors aris-
ing from the different techniques or assumptions used
(Meneghetti et al. 2017). The algorithms participating
in the modeling challenge are briefly described below:
• glafic (Oguri 2010) performs mass modeling
adopting a parametric approach. Halo compo-
nents are remodeled by an Navarro-Frenk-White
(NFW) profile, and cluster member galaxies are
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Figure 2. BUFFALO coverage map for the six Frontier Field clusters, produced by running the HST Astronomer’s Proposal
Tool (APT) on the full set of observations from this program (ID 15117). Each BUFFALO pointing, chosen to overlap the
regions with deep Channel 1 and Channel 2 data from Spitzer/IRAC, is covered by 2/3 orbit depth WFC3 exposures in F105W,
F125W and F160W (blue) and by ACS observations taken in parallel, at 2/3 orbit depth in F606W and 4/3 orbit depth in
F814W (pink). The ACS imaging fully covers the WFC3-IR area and goes somewhat beyond it due to the larger field of view
of ACS. The new BUFFALO tiling is centered at the central region of each cluster field, indicated with a black ”plus” sign in
each case, with parallel observations similarly expanding the existing flanking fields.
modeled by a pseudo-Jaffe profile. External per-
turbations are added for better modeling. A de-
tailed description of the mass modeling of the HFF
clusters with glafic is given in Kawamata et al.
(2016) and Kawamata et al. (2018), indicating
that positions of multiple images are reproduced
with a typical accuracy of ∼ 0.4′′.
• Grale (Liesenborgs et al. 2006, 2009) is a flexible,
free-form method, based on a genetic algorithm
that uses an adaptive grid to iteratively refine the
mass model. As input it uses only the information
about the lensed images, and nothing about the
cluster’s visible mass. This last feature sets Grale
apart from most other lens mass reconstruction
techniques, and gives it the ability to test how
well mass follows light on both large and small
scales within galaxy clusters. Grale’s description,
software and installation instructions are available
online at http://research.edm.uhasselt.be/∼jori/
grale.
• Lenstool (Jullo et al. 2007; Jullo & Kneib 2009)
utilizes a Bayesian Markov Chain Monte-Carlo
sampler to optimize the model parameters using
the positions and spectroscopic redshifts (as well
as magnitudes, shapes and multiplicity if speci-
fied) of the multiply imaged systems. The over-
all matter distribution of clusters is decomposed
into smooth large scale components and the small-
scale halos associated with the locations of cluster
galaxies.
A new version of Lenstool (Niemiec et al., in
prep.) allows the combination a parametric strong
lensing modeling of the cluster’s core, where the
multiple images appear, with a more flexible non-
parametric weak lensing modeling at larger radii,
the latter leading to the detection and character-
ization of substructures in the outskirts of galaxy
clusters (Jauzac et al. 2016a, 2018a).
• The Light-Traces-Mass (Broadhurst et al.
2005; Zitrin et al. 2009) methodology is based on
the assumption that the underlying dark matter
8 Steinhardt et al.
distribution in the cluster is traced by the distri-
bution of the luminous component, i.e., the cluster
galaxies and their luminosities. Only a small num-
ber of free parameters is needed to generate a mass
model where the position and source redshift of
multiple images are used as constraints. LTM has
proven to be a powerful method for identifying
new multiple images as well as for constraining
the cluster mass distribution (Merten et al. 2011;
Zitrin et al. 2015; Frye et al. 2019). This pipeline
also allows the incorporation of other constraints
including weak-lensing shear measurements, time
delays, or relative magnifications.
• The WSLAP+ (Diego et al. 2007, 2016b) method
falls in the category of hybrid methods. The mass
distribution is decomposed into two components:
(1) a grid component (free-form method) which
accounts for the diffuse mass distribution, and (2)
a compact component (parametric method) which
accounts for the mass associated with the member
galaxies. The method combines strong-lensing arc
positions with weak-lensing measurements when
available. The solution is found by minimizing
the quadratic form of a system of linear equations.
The role of the regularization is adopted by the
number of iterations in the minimization code, al-
though if resolved lensed systems are present (i.e,
arcs with multiple identifiable knots) the solutions
derived are very robust and weakly dependent on
the number of iterations. Details can be found in
Diego et al. (2007, 2016b) and references therein.
• The CLUMI (CLUster lensing Mass Inversion) code
(Umetsu 2013) combines wide-field weak-lensing
(shear and magnification) constraints for recon-
structing binned surface mass density profiles,
Σ(R). This code has been used for the CLASH
weak-lensing studies (e.g., Umetsu et al. 2014a). It
can also include central strong-lensing constraints
in the form of the enclosed projected total mass,
as done in Umetsu et al. (2016).
The CLUMI-2D code (Umetsu et al. 2018a) is a gen-
eralization of CLUMI into a 2D description of the
pixelized mass distribution. It combines the spa-
tial 2D shear pattern (g1, g2) with azimuthally-
averaged magnification-bias measurements, which
impose a set of azimuthally integrated constraints
on the Σ(x, y) field, thus effectively breaking the
mass-sheet degeneracy. It is designed for an unbi-
ased reconstruction of both mass morphology (e.g.,
halo ellipticity) and the radial mass profile of the
projected cluster matter distribution.
4. IMPACT ON STUDIES OF THE
HIGH-REDSHIFT UNIVERSE
Massive galaxies at z ∼ 8−10 are in the midst of a crit-
ical transition between initial collapse and subsequent
evolution (Steinhardt et al. 2014; Bouwens et al. 2015;
Steinhardt et al. 2016; Mashian et al. 2016). Galaxies
are thought to form via hierarchical merging, building
from primordial dark matter fluctuations into massive
proto-galaxies (Springel et al. 2005; Vogelsberger et al.
2014). Indeed, at z < 6, the stellar mass function (SMF)
is well approximated by a Schechter function with a clear
exponential cutoff above a characteristic mass.
However, if early galactic assembly is dominated by
simple baryonic cooling onto dark matter halos, at very
high redshifts the SMF should be a Press-Schechter-like
power law with no exponential cutoff. Similarly, studies
of star forming galaxies at z < 6 (Noeske et al. 2007;
Daddi et al. 2007; Lee et al. 2013; Speagle et al. 2014)
find a relatively tight relationship between the stellar
mass and star formation rate (SFR) of star-forming
galaxies (the so-called star forming “main sequence”),
but according to the hierarchical growth paradigm, in-
creased merger rates should result in a much weaker cor-
relation of these two quantities at high redshift. Observ-
ing this transition would pinpoint the end of the initial
growth phase, providing strong constraints for models
of early structure formation and the nature and causes
of reionization.
This transition is currently not well constrained at
z & 6 due to the small number of galaxies with the nec-
essary SFR and stellar mass estimates required, which
at present only the combination of HST/WFC3 and
Spitzer-IRAC can provide. However, recent results using
HST photometry (Bouwens et al. 2015, 2016; Davidzon
et al. 2017) indicate that the galaxy luminosity function
flattens between z ∼ 7 (where there is likely an expo-
nential cutoff) and z ∼ 10 (where no cutoff is observed),
consistent with the epoch around z ∼ 8− 10 is the crit-
ical transition window.
Uncertainties at this epoch are currently dominated
by a combination of cosmic variance, insufficient area
in current sightlines, and lack of ultra-deep Spitzer data
needed to confirm luminous z > 8 systems. To illustrate
the point, all published z ∼ 9 − 10 CANDELS galaxies
are in just two of the five possible fields where they could
be discovered (Oesch et al. 2014; Roberts-Borsani et al.
2016). The BUFFALO survey is optimized to efficiently
search for these early, high-mass galaxies over the re-
maining areas where mass estimation will be possible
(Fig. 3).
In addition to the expected change in the shape of
the galaxy mass function, recent studies using HST and
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Figure 3. Simulated high-redshift, luminous galaxies (bot-
tom) and overall distribution (top) in a random selection
corresponding to the BUFFALO clusters and flanking fields.
It is likely that the highest-redshift BUFFALO galaxy will
lie at z ∼ 9− 10.
Spitzer observations (Lee et al. 2013; Stark et al. 2013;
Steinhardt et al. 2014; Bouwens et al. 2015, 2016; Oesch
et al. 2016) find a substantial population of galaxies
that are seemingly too massive, too early to have formed
through standard hierarchical merging (Steinhardt et al.
2016; Behroozi et al. 2018). However, these massive
galaxies are also expected to be the most strongly bi-
ased and thus measurements are most affected by cos-
mic variance, and the factor of ∼2 improvement in their
measured number density provided by BUFFALO will
either relieve or significantly increase this tension.
BUFFALO is designed to optimally reduce the current
uncertainty by imaging sightlines with existing, suffi-
cient ultra-deep Spitzer data. Joint HST and Spitzer
observations have proven to be essential for the discov-
ery and characterization of the highest-redshift galaxies
and have recently resulted in the first rest-frame optical
detection and stellar mass measurements of individual
galaxies at z∼8 and even z∼10 (Labbe´ et al. 2013; Oesch
et al. 2013).
Because early, massive galaxies are very highly biased
(Moster et al. 2011), the limiting factor in our under-
standing of this transition period is a combination of
cosmic variance and area coverage. Of the three z = 10
galaxy candidates in ∼800 arcmin2 of deep HST imag-
ing over the five CANDELS sightlines, two lie in a single
4 arcmin2 region (Oesch et al. 2014), and the z > 7 can-
didates in the HFF fields are highly clustered. The ad-
dition of BUFFALO data will improve the measurement
of the space density of L>L∗ galaxies by doubling the
number of sightlines with sufficient area, filter coverage,
and Spitzer data to reliably detect galaxies at z∼8-10.
Spitzer data are essential for z > 8 galaxy studies
(cf. Bradacˇ et al. (2014), Fig. 3) because they con-
strain the age and mass of high-redshift galaxies and
can be used to effectively remove z < 3 contaminants.
Spitzer has already invested ∼1500h (2 months) imag-
ing the HFF areas to 50-75h depth, but HST WFC3-IR
data exists over only .10% of this deep Spitzer coverage.
The BUFFALO pointings were chosen to overlap with
the existing Spitzer HFF coverage as efficiently as possi-
ble in regions central enough that there is still likely to
be non-negligible magnification from weak lensing. The
BUFFALO coverage areas also expands WFC3 cover-
age to an area which is well matched with the JWST
NIRSPEC field of view.
BUFFALO will complete the WFC3-IR and ACS cov-
erage of areas with Spitzer-IRAC deep enough to study
the high-z universe over a large area, resulting in the
best study of this key period currently possible. Criti-
cally, the large area and additional sightlines will both
mitigate the effect of cosmic variance due to the strong
clustering of z > 8 objects (Trenti et al. 2012; Oesch
et al. 2013; Zheng et al. 2014; Laporte et al. 2014) and
directly constrain the galaxy bias with respect to the
dark matter (Adelberger et al. 1998; Robertson et al.
2010).
Presently, Spitzer-IRAC data at depths greater than
50h per pixel in both 3.6µm and 4.5µm bands are the
only way to measure the stellar masses of galaxies at
z ∼ 8 − 10 and firmly establish that they are indeed
high-redshift (e.g. Fig. 5), while HST data are crucial
to identifying candidate z ∼ 8 − 10 galaxies through
their photometric dropout. This powerful combination
of data currently exists over < 740 arcmin2 of sky, yield-
ing ∼20 joint detections of z ∼ 8 galaxies and ∼4 at
z ∼ 10. The strong clustering of high-redshift galax-
ies has been definitively observed, with the majority of
z ∼ 10 galaxies found in one of five CANDELS fields
(Bouwens et al. 2015) and one of the Frontier Fields
known to contain an over-density of z ∼ 8 galaxies in
the region mapped by BUFFALO (Zheng et al. 2014;
Ishigaki et al. 2015).
4.1. Clustering as a test of hierarchical merging
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Figure 4. Predicted cosmic variance σv for galaxies at stel-
lar mass M∗ ∼ 109M as a function of mass and redshift.
Values are calculated using the prescription given in Moster
et al. (2011), extrapolated to higher redshift as required.
The small volume probed by previous Frontier Field
observations at z ∼ 8 results in a very large expected
field-to-field variance of 40− 50%, currently dominated
by Poisson error in each field at the bright end. This
significantly limits the ability of the HFFs to measure
accurate cosmic average quantities and true cosmic vari-
ance (Robertson et al. 2014). The additional coverage
from BUFFALO will reduce this field-to-field variance
by ∼ 2×, allowing an improved measurement of the true
cosmic variance.
The true variance in number counts per field pro-
vides a direct and simple measure of the galaxy bias
at these redshifts, allowing us to estimate the dark mat-
ter halo masses hosting these galaxies (e.g., Adelberger
et al. 1998; Robertson et al. 2010). The availability of
combined HST+Spitzer imaging will further allow us to
determine the galaxy bias as a function of stellar mass
- a crucial test of theoretical models (Behroozi & Silk
2015; O’Shea et al. 2015). Similar tests are not possi-
ble in the significantly more numerous BoRG (Brightest
of Reionizing Galaxies, Trenti et al. 2012) fields because
they lack ancillary Spitzer data required to measure stel-
lar masses of high-redshift galaxies, although followup
Spitzer observations have been conducted in some fields
with high-redshift candidates (Morishita et al. 2018;
Bridge et al. 2019).
4.2. Improvement in Magnification Estimates
As discussed in § 3, a lack of knowledge of the presence
of substructures in the outskirts of clusters can lead to
underestimation of the mass and thus the density pro-
file of the cluster by up to 20% (Acebron et al. 2017).
Magnification at a given location in the cluster is a di-
rect product of the mass estimate (and the redshift of
a background source). Therefore, the expanded BUF-
FALO observing area provides a unique dataset which
can overcome the lack of accuracy of core-only mass
models by being able to detect precisely where sub-
structures are located and estimate precisely their mass
(down to a few percent precision thanks to HST reso-
lution, Jauzac et al. 2015a). The exact improvement in
magnification estimates with BUFFALO is difficult to
predict as it strongly depends on the dynamical state
of each clusters, i.e., how many substructures exist and
how massive those substructures are. However, once all
BUFFALO clusters are analyzed, we will have for the
first time a ’statistical’ sample allowing us to precisely
estimate the bias induced by substructures on the mag-
nification, which can then be related to the mass of those
substructures.
5. STRUCTURE EVOLUTION & DARK MATTER
PHYSICS
The BUFFALO survey offers an unprecedented look
at the large-scale structure of our universe by providing
high-resolution observations from space with HST over
an unusually wide area around the six massive Frontier
Fields clusters. Flanking the core of those clusters with
several pointings has extended the field of view out to
∼3/4 of the virial radius. This significant improvement
is designed to allow improved investigations into the ori-
gin and evolution of large-scale structure. The current
consensus model, ΛCDM, assumes the hierarchical evo-
lution of structures. They grow at a robustly-predicted
rate, fed by the cosmic web’s filaments which carry dark
matter and baryons towards the centers of what will be-
come large clusters (Bond et al. 1996).
However, so far, very few observations have been able
to detect those large-scale filaments (Dietrich et al. 2012;
Jauzac et al. 2012; Eckert et al. 2015a; Connor et al.
2018). BUFFALO now allows an unprecedented reso-
lution for mapping of the dark matter and will deliver
data to detect material (both baryons and dark matter)
falling on the clusters by the direct detection of galax-
ies and enhanced star-forming regions as tracers of the
filaments and indirect detection of dark matter densi-
ties using weak lensing. Clearly identifying and locat-
ing individual filaments and the local cosmic web could
be useful in constraining their effect on star formation
and quenching (Aragon Calvo et al. 2019), galaxy an-
gular momentum (Goh et al. 2019) and even, through
a ”spiderweb test” (Neyrinck et al. 2018), a redshift-to-
distance mapping.
In addition, reaching further away from the cluster
center at the HST resolution will sharpen our under-
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standing of merging events. Indeed, all the 6 HFF clus-
ters show various states of merging (see Lotz et al. (2017)
and references therein.) The extended view of the clus-
ters can now be used to map the underlying dark mat-
ter distribution using both strong and weak lensing. At
the depth and width of existing Frontier Fields observa-
tions, strong lensing already revealed a detailed view of
the dark matter distribution in the cluster cores, but it
is known that the mass in cluster outskirts can influence
the inner core profile (Mahler et al. 2018; Acebron et al.
2017). BUFFALO now provides a unique view of the
global mass distribution of clusters up to ∼ 3/4 ×Rvir.
A few percent accuracy on weak-lensing measurements
will be reachable due to highly constrained photometric
redshift selection, primarly because of the unique HST
and Spitzer/IRAC coverage of the BUFFALO fields.
Extensive spectroscopic follow-up of these clusters is
planned as well. The broader lensing mapping of the
substructures will break the degeneracy coming from the
outskirt mass contribution to the lensing potential.
ΛCDM and hierarchical merging also predict the evo-
lution of galaxies while falling in clusters. Extending
HST observations to ∼3/4Rvir also provide stringent
observational constraints for the study of galaxy evolu-
tion within dense environments.
Niemiec et al. (2018) studied and quantified dark mat-
ter stripping of galaxy halos during their infall into clus-
ters, as well as the evolution of their stellar mass and star
formation using the Illustris-1 simulation. Such studies
are often made in aggregate on a large number of clus-
ters, but BUFFALO will do it on a cluster by cluster
basis, avoiding smoothing out smaller scale influences
on individual clusters. This also allows insight into the
stripping of dark matter halos, environmental quenching
mechanisms, including galaxy-galaxy interactions and
harassment (Moore et al. 1996), strangulation (Balogh
et al. 2000; Peng et al. 2015), the evolution of the stellar
population, and the galaxy gas reservoir, providing crit-
ical insight into the cluster assembly history. The infall
regions and intermediate-density environments traced
by BUFFALO provide ideal observations to study these
interactions (Moss 2006; Perez et al. 2009; Tonnesen &
Cen 2012).
Cen et al. (2014) report a steep increase in the frac-
tion of star-forming galaxies from the cluster centre up
to 2 × Rvir. There is little consensus on this as it is
shown in Fig. 5 for two galaxy formation simulations, the
semi-analytic model Shark (Lagos et al. 2018) and the
cosmological hydrodynamical simulations cluster suite
C-EAGLE (Bahe´ et al. 2017; Barnes et al. 2017). There
are many differences worth highlighting - the simulations
predict different star-forming/gas-rich galaxies overall
fractions, particularly at low stellar masses (< 109 M);
C-EAGLE predicts fractions that continue to rise even
out to 3−4×Rvir, while Shark predicts a steep increase
out to 1− 1.5×Rvir followed by a flattening; C-EAGLE
predicts much stronger evolution over the last 5 billion
years than Shark. This shows that the observations
of BUFFALO combined with local Universe cluster ob-
servations will offer strong constraints on the models,
hopefully allowing to rule out some of the wildly differ-
ent behavior seen in Fig. 5. Note that these differences
arise even though both simulations account for quench-
ing mechanisms typical of galaxy clusters, such as ram
pressure stripping, lack of cosmological accretion, among
others (Gunn & Gott 1972; Bahe´ et al. 2013). Fig. 5 also
shows the fraction of gas-rich galaxies, computed from
their atomic plus molecular gas fraction, as a proxy for
good candidates of “jellyfish” galaxies. Poggianti et al.
(2018) show that the “jellyfish” galaxy population can
be used to investigate the density of the cluster gas halos
by probing the material in star-forming regions coming
out of the galaxies as they fall into the cluster. In BUF-
FALO we expect to probe these galaxies at intermediate
redshifts, building on previous studies in HFF clusters
(Schmidt et al. 2014; Treu et al. 2015; Vulcani et al.
2016).
In recent decades, the theoretical framework that de-
scribes the formation of cosmic structures has been
tested by increasingly precise observations (Planck Col-
laboration et al. 2016a), which show good agreement
with several key aspects of current models. BUFFALO
offers an orthogonal probe by providing a detailed view
of the clustering as well as its synergy with simulations
of the universe and massive clusters such as the HFF
ones. The Frontier Fields clusters remain rare massive
clusters in simulations (Jauzac et al. 2016a, 2018a) and
a better understanding of their environment, only pos-
sible with BUFFALO, will shed light on how they form
and evolve. By finding simulated analogs of those six
clusters, it is also possible to test various related cos-
mological effects on the growth rate, mass ratio among
substructures, and merging events.
5.1. Cluster Science and Dark Matter Physics
High-resolution space-based observations of galaxy
clusters have revolutionized the study of dark matter
(Natarajan et al. 2002; Limousin et al. 2007; Richard
et al. 2010). Early observations of merging galaxy clus-
ters presented some of the most conclusive and unequiv-
ocal evidence for the existence of dark matter, while
placing stringent limits on modified theories of gravity.
For example the Bullet Cluster, a post-merger collision
of two galaxy clusters in the plane of the sky, clearly
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shows the separation of intra-cluster gas and its associ-
ated cluster members (Clowe et al. 2004; Bradacˇ et al.
2006). Thanks to weak-lensing, it was found that the
majority of the mass lies in the galaxies, and not the
gas, as suggested by modified gravity theories (Clowe
et al. 2006). Following this study, multiple other merg-
ing clusters were found to exhibit similar properties,
and detections of such offsets soon became ubiquitous
(Bradacˇ et al. 2008; Merten et al. 2011; Harvey et al.
2015; Jauzac et al. 2016a).
As a result of these studies it soon became clear that
merging clusters could provide further insights into dark
matter and not just evidence for its existence. For exam-
ple, it is possible to constrain the self-interaction cross-
section of dark matter using these clusters (Harvey et al.
2013; Kahlhoefer et al. 2014; Robertson et al. 2019).
Self-interacting dark matter (SIDM) is an extension to
the cold and collisionless dark matter paradigm that has
received a lot of interest in the last decade. With its
discriminative signals, tests of SIDM models provide a
unique window in to the physics of the dark sector.
With the discovery of multiple colliding systems it
soon became possible to collate these events and sta-
tistically average them in order to provide further con-
straints on SIDM. Methods that estimated the relative
positions of dark matter, galaxies and gas were devel-
oped to statistically average over many merging events
(Massey et al. 2011; Harvey et al. 2014). The first study
of 30 merging galaxy clusters was carried out by Har-
vey et al. (2015), and constrained the cross-section of
dark matter to σDM/m < 0.5cm
2/g. However, a subse-
quent study found potential systematic and revised this
estimate to σDM/m < 2cm
2/g (Wittman et al. 2018).
Either way, it was clear that there was statistical poten-
tial in these merging systems.
The BUFFALO survey will extend the already suc-
cessful HFF program, providing a unique insight into
the dynamics of dark matter during halo in-fall. Prob-
ing the regions out to ∼ 3/4rvir, BUFFALO will exam-
ine a regime where the unknowns of core-passage will be
circumvented, and positional estimates of the substruc-
tures will be cleaner.
Indeed, HST high-resolution will allow us to precisely
locate and weigh dark matter substructures in the clus-
ters (down to the percent level precision on mass mea-
surement and down to 6% on the location of dark matter
peaks, Jauzac et al. 2014, 2015a). It will then be pos-
sible to trace their dynamical history by combining the
lensing analysis with the plethora of multi-wavelength
data available on these six clusters, e.g., X-rays will help
trace the gas, while optical, near-infrared, UV imaging
and spectroscopy will help understand the dynamics and
kinematics of the galaxies in the detected substructures.
Moreover, with sample-specific simulations of multiple
dark matter models, it will be possible to monitor, test
and mitigate all known and unknown systematic errors.
As a result, BUFFALO will provide the cleanest mea-
sure of SIDM from in-falling substructures to-date.
In addition to monitoring the trajectories of infalling
halos to constrain SIDM, understanding the mass func-
tion within the clusters will provide important insights
into the dynamics of dark matter. For example it has
been suggested that A2744 exhibits too much substruc-
ture (Schwinn et al. 2017; Jauzac et al. 2016a), when
compared to the predictions of standard CDM. This
finding could possibly be an indication of exotic dark
matter physics, however in such current small fields of
view and on one sample, it is difficult to establish statis-
tical significance. The extended imaging of BUFFALO
with novel methods to compare observations to simula-
tions such as the cluster power-spectrum (Mohammed
et al. 2016) and peak analysis (Fan et al. 2010) will pro-
vide important insights in the substructure mass func-
tion of clusters and the dark matter that drives these
statistics.
5.2. 3D halo structure and non-thermal pressure
support
How the dark and baryonic masses distribute in the
halo’s gravitational potential is a fundamental predic-
tion of models of large scale structure formation, allow-
ing to use galaxy clusters as astrophysical laboratories,
cosmological probes, and tests for fundamental physics.
Probes at different wavelengths (optical, SZ, X-ray) can
be used and combined to reconstruct three-dimensional
triaxial ellipses describing the geometrical shape of the
gas and total mass distribution, as obtained from the
CLUster Multi-Probes in Three Dimensions (CLUMP-
3D) project on 16 X-ray regular CLASH clusters (Sereno
et al. 2018; Umetsu et al. 2018b; Chiu et al. 2018). In
this analysis, weak lensing signal constrains the 2D mass
and concentration which are deprojected thanks to the
information on shape and orientation from X-ray (sur-
face brightness and temperature) and SZ. The mass and
concentration can be then determined together with the
intrinsic shape and equilibrium status of the cluster as
required by precision astronomy through a Bayesian in-
ference method and not relying on the assumptions of
spherical symmetry or hydrostatic equilibrium, which
could bias results. The joint exploitation of different
data-sets improves the statistical accuracy and enables
us to measure the 3D shape of the cluster’s halo and
any hydrostatic bias, evaluating the role of the non-
thermal pressure support. In general, they obtained that
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Figure 5. The fraction of star-forming (left) and gas-rich (right) galaxies as a function of cluster-centric distance at three
redshifts, z = 0, 0.3 0.5 (red dotted, green dashed and blue solid lines, respectively), and three stellar mass bins, as labelled, in
clusters of mass M200c > 5 × 1014 M in the cosmological semi-analytic model of galaxy formation Shark (Lagos et al. 2018)
(solid lines) and the cluster hydrodynamical simulations zooms C-EAGLE (Bahe´ et al. 2017; Barnes et al. 2017) (dashed lines).
For both simulations we show the medians and 25th − 75th percentile ranges (thick lines with shaded regions, respectively).
Star-forming and gas-rich galaxies are defined as those with sSFR/MS(Mstar) > 0.25 and fneutral/〈f(Mstar)〉 > 0.25, respectively.
Here MS(Mstar) and f(Mstar) are the main sequence sSFR and median fneutral of main sequence galaxies at Mstar, respectively,
and fneutral = (MHI +MH2)/Mstar.
the shapes are in good agreement with the predictions
from the standard ΛCDM cosmological model. However,
compared to simulations, the data show a slight prefer-
ence for more extreme minor-to-major axial ratios. We
need a combination of more sensitive observational data
to probe, also as function of halo mass and dynamical
state, the 3D structure of the gas and dark matter dis-
tribution, assessing their consistency with ΛCDM pre-
dictions and their equilibrium once geometrical biases
(like projection) are corrected for.
5.3. Galaxy evolution
As the largest observable gravitationally bound struc-
tures in the Universe, galaxy clusters provide a unique
tool for exploring the coeval evolution of galaxies and
cosmic structures. Very effective star formation quench-
ing is observed in clusters at all redshifts, where the
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fraction of star forming galaxies is lower than in the
field (Hashimoto et al. 1998), and the fraction of early
type morphologies (lenticulars, ellipticals) is the highest
(Dressler 1980). A major thrust of ongoing research is
to understand these transitions, particularly using deep
HST imaging of clusters (Martinet et al. 2017; Wagner
et al. 2017; Marian et al. 2018; Olave-Rojas et al. 2018;
Connor et al. 2019; Rodr´ıguez-Mun˜oz et al. 2019).
There are strong hints that star formation suppres-
sion already occurs at large distances from the cluster
cores (Haines et al. 2015; Bahe´ & McCarthy 2015), and
that red galaxies are located preferentially close to fila-
ment axes (e.g., Malavasi et al. 2017; Laigle et al. 2018).
Therefore, understanding pre-processing of galaxies re-
quires studies that move to regions well beyond the clus-
ter core. Color gradients are required to unveil the lo-
cation of recent star-formation (Villalobos et al. 2012;
Liu et al. 2018) as well as evidence for stripping and
quenching, e.g. so-called “jellyfish” galaxies in the pro-
cess of being ram-pressure stripped (e.g., in Abell 2744,
see Owers et al. 2012).
The BUFFALO survey is perfectly suited for these
studies as it traces the intermediate-density environ-
ments where the quenching processes occur. The multi-
wavelength data provides high-resolution measurements
of the colors, star-formation rates, morphologies and lo-
cal environments of galaxies extending out to the edges
of the massive HFF clusters, enhancing the legacy value
of the Frontier Fields observations.
5.4. Intracluster light
One of the most intriguing signatures of the assembly
of galaxy clusters is a diffuse light known as intraclus-
ter light (ICL). This light is composed of a substantial
fraction of stars not gravitationally bound to any par-
ticular galaxy but to the cluster potential. Observations
have shown that the ICL is the product of interactions
among the galaxies in the cluster. In this sense, the ICL
is a unique tracer of how the assembly of the cluster
proceeds through cosmic time (see Montes 2019, for a
review).
The integrated stellar population properties revealed
by the ICL tell us about the dominant process responsi-
ble of the formation of this diffuse light and therefore of
the mechanisms at play in the assembly of the cluster.
Different scenarios for the origin of the ICL result in
different stellar population properties, ranging from the
shredding of dwarf galaxies (Purcell et al. 2007; Contini
et al. 2014), to violent mergers with the central galax-
ies of the cluster (Murante et al. 2007; Conroy et al.
2007), in situ formation (Puchwein et al. 2010), or the
pre-processing of diffuse light of groups infalling into the
cluster (Mihos 2004; De Lucia et al. 2012). These dif-
ferent mechanisms might vary within the cluster and
during the history of the cluster (Can˜as et al. 2019b).
Several works have already studied the ICL in the
HFF clusters (Montes & Trujillo 2014, 2018; Jime´nez-
Teja & Dupke 2016; Morishita et al. 2017) but one of
the difficulties encountered in these studies is the lim-
ited field of view of the HFF observations that pre-
vent an accurate sky subtraction and therefore, accurate
properties of this light at large radius from the central
parts of the clusters. These studies have found that the
main mechanism to produce ICL is the tidal stripping of
massive satellites (∼ 1010−11 M). However, these re-
sults only describe the more central parts of the clusters
(< 200 kpc).
Using BUFFALO, we will be able to explore the ICL
in detail up to ∼ 3/4 Rvir. That will allow us to ex-
plore the formation mechanisms at play at large cluster
radius and expand our knowledge of the formation of
this diffuse light. The amount of light in the ICL pro-
vides information on the efficiency of the interactions
that form this component (see Fig. 6). To date, simula-
tions have provided contradictory predictions as to how
the amount of ICL depends on halo mass as well as the
expected evolution with time, with some works finding
no dependence on halo mass (e.g. Contini et al. 2014;
Rudick et al. 2011) while some others report a clear de-
pendence (e.g. Murante et al. 2007; Cui et al. 2014).
Evolution wise, some authors report strong evolution of
the ICL fraction (e.g. Contini et al. 2014) or rather weak
(e.g. Rudick et al. 2011). Some of these discrepancies
are due to the variety of numerical definitions of ICL
(see discussion in Can˜as et al. 2019b), which generally
use the 3D position of particles in simulations. Can˜as
et al. (2019a) introduced a full 6D method to define ICL
and applied it to the Horizon-AGN simulations (Can˜as
et al. 2019b) (see Fig. 6) and C-EAGLE (Can˜as et al.
in preparation) to show that the ICL fraction is remark-
ably flat at the galaxy cluster regime, and that different
simulations agree once the same ICL definition is ap-
plied. BUFFALO will place unique constraints on the
ICL fraction, which together with local Universe mea-
surements, will provide a large cosmic time baseline to
compare with simulation predictions. The multiwave-
length coverage of BUFFALO is crucial to derive the
properties of the stellar populations of the ICL within
the cluster to study how its different formation mecha-
nisms vary with clustercentric distance. We will also be
able to measure diffuse light in substructures and quan-
tify for the first time the amount of light that will end
up as ICL through pre-processing.
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Finally, recent work has demonstrated that the ICL
accurately follows the shape of the underlying dark mat-
ter halo in clusters of galaxies (Montes & Trujillo 2019).
This results was only possible thanks to the superb mass
modelling available for the HFF clusters. The next step
will be to extend this analysis to larger scales to assess
whether the similarity between the distributions of ICL
and mass holds at larger cluster radius. Simulations
show that this similarity should hold out to 1.1 Mpc
(Alonso-Asensio et al., in prep.), and with BUFFALO
we will be able to finally assess it.
One limiting factor for deriving ICL brightness pro-
files is establishing a sky background. The outskirts of
the HFF primary field still contain contributions from
ICL, but observations in the same filters in the parallel
fields were taken at different times. Due to the tempo-
ral variations of the sky background, the parallel fields
therefore cannot be used by themselves to calibrate a
sky background for use in the cluster center (DeMaio
et al. 2015).
Thus, in addition to the previously-described obser-
vations, BUFFALO data of MACSJ1149 also include
six additional orbits of imaging taken by GO-15308
(PI:A. Gonzalez). These six orbits were divided into
three pointings of two orbits each; each pointing was
observed with the F105W filter and the F160W filter
on WFC3/IR for one orbit each. The three pointings
linearly bridge the primary and parallel HFF fields such
that each pointing has a 20% spatial overlap with its
neighbors. Due to this overlap, temporal variations can
be accounted for, and the dominant uncertainty in sky
background becomes that of the flat-fielding process.
Based on work by DeMaio et al. (2018), it is expected
that the flat-fielding should reduce the residual system-
atic uncertainty to µ > 31 mag arcsec−1, enabling a
measurement of the ICL radial brightness profile down
to µ160 = 29.5 mag arcsec
−1. In addition, GO-15308 in-
cludes parallel ACS observations in F606W and F814W,
which extend the coverage of MACSJ1149 in three point-
ings per filter to the side of the cluster opposite the HFF
parallel field.
6. SUPERNOVAE AND OTHER TRANSIENTS
The observations of this program have been purposely
spaced into two visits (or epochs) per pointing, to allow
for the discovery of supernovae (SNe) and other tran-
sients. By design, revisits to the same field in the same
filter sets are separated by approximately 30 days, ap-
proximately matching the rise time of most SN types,
including type Ia SNe, around z = 1. We expect this
to yield a discovery rate per visit that is comparable to
that in the Cluster Lensing And Supernovae with Hub-
ble (CLASH; Postman et al. 2012), which will amount
to about 10 to 25 events over the full duration of the
BUFFALO survey.
An example of one such discovery is given in Figure
7, a transient discovered in the AbellS1063 difference
imaging at 22:49:13.70, -44:32:38.74. The cutouts show
a 6 arcsecond box around the region, showing the ref-
erence HFF image, first epoch BUFFALO observation,
and the difference frame in which the search for super-
novae was conducted. This event is visible in both the
ACS observations of the parallel field, taken April and
May 2019, but also the first epoch of the WFC3 parallel
pointing, taken October 2019, highlighting the power of
the various time delays between BUFFALO images in
the search for transient events.
A summary of the preliminary searches of each field,
conducted after each epoch was processed, for super-
novae and transients is shown in Table 3. As of the
22nd of October 21 of the 28 camera-pointing combi-
nations have been conducted, and thus the preliminary
findings of 6 SNe suggests a total of 8 over the entire
BUFFALO program, slightly lower than predicted by
CLASH. However, more thorough follow up searches will
be conducted which may yield fainter or more obscure
detections, increasing the detection rate.
To probe the expected sensitivity of the BUFFALO
difference images, we conducted a simple test. Fake
sources were injected randomly into the drizzled dif-
ference images, with AB magnitudes in the range 20
to ∼30, with appropriate Poisson noise. These were
then recovered using a simple peak finding algorithm,
looking for sources with peak count rates above 0.03
count/s – roughly the lowest pixel count rate that is
qualitatively visible above the BUFFALO difference im-
ages background by eye. The recovery fraction as a
function of magnitude is shown in Figure 8. Given the
similar zero points of the two filters, the 50% recovery
rate is 26.5 mag and the ∼95% recovery rate is ∼25th
magnitude for both. The very faintest recoverable SNe
are 27-28th magnitude in the F160W filter, and 29-30th
magnitude in F814W, due in part to the differing detec-
tor pixel scales, drizzled onto a common 0.06 arcsecond
scale. However, it should be noted that this efficiency
rate is quite optimistic, as it requires a fairly quiescient
background in both frames contributing to the differ-
ence image. High background count rates, or super-
novae lying near the center of galaxies, will suffer higher
backgrounds or poor dither pattern noise (see left pan-
els, Figure 7), raising the minimum count rate at which
transients are detectable. Therefore a more conserva-
tive estimate might put the minimum count rate at 0.3
count/s, and thus reduce the 50% completeness limit of
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Figure 6. Example of a simulated massive cluster of M200,crit ≈ 1015M from the C-EAGLE simulation (Bahe´ et al. 2017;
Barnes et al. 2017) at z = 0.3. The left panel shows a stellar mass map of the whole 3D Friends-of-friends region while the
right panel shows the ICL only, as defined as the kinematically hot stellar component using the full 6D information available
in cosmological simulations (see Can˜as et al. 2019a for details of the algorithm and Can˜as et al. (2019b) for an analysis of the
intra-halo stellar component of galaxies across environments and cosmic time). BUFFALO will allow us to measure the fraction
of total light in the ICL and its stellar population properties to test the predictions above and investigate how this component
forms.
detections to 24th magnitude, and the 95% recovery rate
to 22.5 mag. As all currently detected sources are of or-
der 21-22nd magnitude (see Table 3), it is likely that we
are complete at this brighter detection threshold, but
will require follow up studies to recover the very faintest
objects.
The BUFFALO observations may contribute SN de-
tections at a uniquely high redshift range. Infrared
imaging programs with HST like this one have been
the most efficient approach for discovery of SNe at
1.5 < z < 2.5, the highest redshift regime where SNe Ia
and normal luminosity core collapse SNe (CCSNe) have
been detected (Graur et al. 2014; Rodney et al. 2014,
2015a; Strolger et al. 2015). Gravitational lensing from
the clusters that dominate the center of each BUFFALO
field will magnify background SNe, making it possible to
detect SNe at redshifts 2 < z < 3 that would normally
be undetectable (cf. Rubin et al. 2018), though lensing
does reduce the high-z survey volume behind the cluster
(Barbary et al. 2012).
The BUFFALO program also could potentially locate
SNe behind the clusters that are significantly magnified
by gravitational lensing (Patel et al. 2014; Nordin et al.
2014; Rodney et al. 2015b). These lens-magnified events
can provide a valuable test of the gravitational lensing
models, and have been informative in the refinement of
lens models for Frontier Fields clusters. There is also a
small, but non-zero, chance of locating another strongly-
lensed SN with multiple images, similar to “SN Refsdal”
(Kelly et al. 2015). A SN that is multiply-imaged by
a cluster lens is likely to have measurable time delays
(Kelly et al. 2016; Rodney et al. 2016), and could po-
tentially be used to measure the Hubble constant (Grillo
et al. 2018). Deep imaging surveys of the Frontier Fields
clusters have revealed other exotic transient events, with
extreme magnifications µ > 100 (Rodney et al. 2018) or
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Table 3. BUFFALO Supernovae Candidates
Field RA (H:M:S) Dec (D:M:S) Detected Filters AB Mag Date Pointing Epoch Redshift
MACS0416 04:16:14.25 -24:03:41.16 F606W ∼22-23 Feb 2019 Main Epoch 2 z ∼ 0.3
04:16:33.05 -24:06:44.66 F606W Sep 2019 Parallel Epoch 2
AbellS1063 22:48:53.56 -44:31:19.59 F105W Jun 2019 Main Epoch 2
F125W
F160W
22:49:13.70 -44:32:38.74 F606W 22.40±0.20 Jun 2019 Parallel Epoch 2
F814W 21.80±0.20
F105W 22.69±0.03 Oct 2019 Parallel Epoch 1
F125W 22.69±0.03
F160W 22.61±0.04
Abell 2744 00:14:28.55 -30:23:33.98 F606W Jul 2019 Main Epoch 2 z ∼ 0.2-0.3
F814W
0:14:26.56 -30:23:44.17 F606W Jul 2019 Main Epoch 2
F814W
Figure 7. Example of supernova detected in the BUF-
FALO fields at right ascension 22:49:13.700, declination -
44:32:38.736. From right to left are 6 arcsecond cutouts of
the reference HFF image, the BUFFALO epoch 1 image, and
the difference image. Top row shows the F606W filter and
the bottom row shows the F814W filter.
even µ > 1000 (Kelly et al. 2018; Chen et al. 2019)
The BUFFALO imaging could discover such events at
redshifts 0.8 . z . 2, but the rates of such extreme
microlensing events are highly uncertain, and the BUF-
FALO cadence is not optimized for their discovery (see,
however, Kaurov et al. (2019) in which they predict the
interval between caustic transient events of 1 yr).
7. DATA PRODUCTS
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Figure 8. Expected efficiency of supernovae searches within
the BUFFALO images. The recovered fraction of fake
sources injected into BUFFALO difference images as a func-
tion of magnitude for the two reddest filters of the two HST
cameras – F814W for ACS, black dashed line, and F160W
for WFC3/IR, red solid line – is shown. Sources are recov-
ered if the peak pixel count rate of the source is above 0.03
count/s. The 50% recovery rate is 26.5 mag for both filters.
A major goal of BUFFALO is to produce data prod-
ucts which can be used by the entire astronomical com-
munity, both as standalone catalogs and in preparation
for additional observations with the James Webb Space
Telescope (JWST). Release of these products will be via
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the Mikulski Archive for Space Telescopes1. In an ef-
fort to release initial data as quickly as possible, these
catalogs will be released individually for each of the six
Frontier Fields clusters and parallel fields rather than
waiting for the entire program to be complete.
7.1. High-level Mosaics
BUFFALO will release a mosaic in each of the five
HST bands, combining the new data with previous Fron-
tier Fields observations in the same bands where it is
available. The first of these mosaics, Abell 370 (Fig. 9,
is now available on MAST concurrent with the publica-
tion of this paper. Mosaics for the other clusters will be
released as available, with a strong effort to release as
many as possible prior to relevant proposal deadlines.
Although these first data will be quickly presented, it
is anticipated that more significant scientific value will
come from value-added, multi-wavelength catalogs and
associated models.
7.2. Catalogs
BUFFALO will produce several value-added catalogs,
with an initial release for Abell 370 and updated planned
as additional clusters are completed. These catalogs
will exploit BUFFALO photometric data along with all
available multi-wavelength observations from the HST
archive. A list of existing datasets can be found in Ta-
ble 5.
It will also include ancillary data from near-IR sur-
veys (Brammer et al. 2016; Nonino et al., in prep.2)
and the Spitzer images that are a cornerstone of the
BUFFALO program (see § 2). Photometric redshifts
will be derived from such a large photometric baseline
by means of state-of-the-art software as EAZY (Bram-
mer et al. 2008) and LePhare (Arnouts et al. 1999; Il-
bert et al. 2006), fitting galaxy (and stellar) templates
to the spectral energy distribution (SED) of each object.
Galaxy physical properties (stellar mass, star formation
rate, etc.) will be inferred by means of an additional
SED fitting phase based on stellar population synthesis
models (Conroy 2013). Recent studies have found the
inclusion of nebular emission to be crucial to estimat-
ing physical parameters of galaxies from SED-fitting,
in particular at high redshift (see e.g. Schaerer & de
Barros 2012). An additional method combining stel-
lar population models (Bruzual & Charlot 2003) with
nebular emission line models (Gutkin et al. 2016) in an
1 http://archive.stsci.edu/
2 http://archive.eso.org/cms/eso-archive-news/first-data-
release-from-the-galaxy-clusters-at-vircam-gcav-eso-vista-public-
survey.html
SED-fit with the Bayesian code BEAGLE (Chevallard &
Charlot 2016), which is optimized to yield both photo-
metric redshifts and galaxy physical parameters simul-
taneously, will therefore also be applied to the catalogs.
Alternate “data-driven” methods not relying on syn-
thetic templates (cf. van der Maaten & Hinton 2008; Van
Der Maaten 2014; Steinhardt et al., in prep.) will be also
applied to show the potential of novel machine learning
methods in this field of research. The BUFFALO team
includes authors of reference SED fitting studies and
techniques as well as HFF luminosity and mass func-
tions (Brammer et al. 2008; Coe et al. 2015; Ishigaki
et al. 2015; Connor et al. 2017; Davidzon et al. 2017;
Ishigaki et al. 2017; Kawamata et al. 2018) and will use
this knowledge to produce a comprehensive “consensus
catalog” designed to be used for a wide range of analyses.
Moreover, structural parameters for foreground galax-
ies will be provided via morphological analysis through
GALFIT (Peng et al. 2010) and GALAPAGOS (Barden
et al. 2012). These codes will be applied with a strategy
similar to that used in Morishita et al. (2017).
The Abell 370 catalogs will be released in Pagul et al.
and Niemiec et al. (both in preparation), including:.
• Photometry
• Photometric redshift (plus spectroscopic redshifts
when available) and physical properties
• Cluster membership
• ICL map and structural parameters of foreground
galaxies
• Mass models as described in § 7.3
We refer the reader to those papers for further de-
tails about the catalog-making process. Catalogs for the
other clusters are expected to be released approximately
six months after their observations are completed (Table
2) and will include the same products as the Abell 370
catalog.
7.3. Mass Models
The BUFFALO team includes groups which have
been responsible for producing a variety of independent
mass models for the HFF clusters from earlier datasets
(Jauzac et al. 2014; Johnson et al. 2014; Lam et al. 2014;
Richard et al. 2014; Diego et al. 2015a,b; Jauzac et al.
2015a,b; Oguri 2015; Sharon & Johnson 2015; Wang
et al. 2015; Williams et al. 2015; Diego et al. 2016a,b;
Harvey et al. 2016; Jauzac et al. 2016b; Johnson &
Sharon 2016; Kawamata et al. 2016; Sebesta et al. 2016;
Treu et al. 2016; Priewe et al. 2017; Diego et al. 2018;
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Figure 9. BUFFALO composite color image of Abell 370. The BUFFALO field of view is four times larger than the previous
Frontier Fields coverage (shaded in the central region for both the cluster and parallel fields) in addition to increasing the depth
in the central region.
Finney et al. 2018; Jauzac et al. 2018a; Mahler et al.
2018; Strait et al. 2018; Williams et al. 2018; Sebesta
et al. 2019; Williams & Liesenborgs 2019). Each of these
groups will generate an independent mass model (e.g.,
Niemiec et al. in prep. for Abell 370), based upon a
variety of fitting methods (cf. § 3). In order to analyse
the intrinsic properties of background lensed galaxies,
the BUFFALO collaboration will follow the HFF philos-
ophy and release high-level data products through the
MAST archive for the scientific community. An effort is
being made to release all of the models for each specific
cluster simultaneously in order to encourage a compar-
ison between them.
For strong, weak or joint strong and weak lensing
modelings, each independent team from the BUFFALO
collaboration will deliver mass, magnification at sev-
eral redshift, deflection, convergence and shear maps to-
gether with their associated error maps, as well as weak-
lensing catalogues. Finally, an online magnification cal-
culator will also be available for fast magnification and
errors estimates.
7.4. Planned Releases
Data products for each cluster will be released indi-
vidually, in order to provide the initial data as rapidly
as possible. The first release will contain a mosaic, fol-
20 Steinhardt et al.
lowed later by the value-added catalogs and mass mod-
els. If HST observations follow the current schedule
(§ 2), this would result in approximately the release
schedule shown in Table 4.
8. SUMMARY
The BUFFALO survey will expand the area of HST
coverage by approximately a factor of four around the
six Hubble Frontier Fields (HFF), a region which al-
ready has multi-wavelength coverage including ultra-
deep Spitzer imaging. BUFFALO covers this region
in five filters, WFC3/IR F105W, F125W, and F160W
along with ACS/WFC F606W and F814W, with depths
chosen based upon what has been learned from existing
surveys both in HFF and other ultradeep fields. As with
the original HFF program, this expanded coverage will
simultaneously provide new insights into a wide range
of problems at both high and low redshift.
The expanded coverage will not only discover many
new sources at z > 7, with the highest-redshift BUF-
FALO source most likely to lie at z ∼ 9 − 10, but also
provide a significant improvement in measurements of
cosmic variance. Both will be important for designing
observational programs with JWST. The former is nec-
essary because the NIRSPEC field of view is larger than
previous HFF coverage, but fits within BUFFALO. The
latter will be important both for designing JWST sur-
veys and as a test of theoretical models of early galaxy
assembly.
The same observations will allow an improvement in
the mass models of these clusters, both in their central
regions and in cluster outskirts. BUFFALO is to be the
first large HST program with an emphasis on studying
the dynamics of infalling cluster substructures. Fila-
mentary structures may contain even a majority of the
mass and provide critical insights into the dynamics of
galaxy assembly and the cosmic web, and these stud-
ies will likely be a significant part of the legacy value
of BUFFALO. At the same time, the improvement in
mass models of the clusters themselves will not only im-
prove our understanding of structure evolution and dark
matter physics, but also improve magnification maps
and therefore our existing measurements of the highest-
redshift galaxy population accessible prior to JWST.
Finally, BUFFALO holds the possibility for serendip-
itous discoveries. The most probable would be the
discovery of a lensed supernova or other lensed high-
redshift transient. If one is found, it would allow a ma-
jor improvement in mass models and related studies for
the cluster in which it is found. Because of increased
cosmic variance towards high redshift and towards high
mass, it is also possible that BUFFALO will discover a
very early galaxy or assembling galaxy protocluster.
The BUFFALO survey is currently scheduled to have
observations completed in May 2020. Data will be re-
leased individually as cluster analysis is completed, with
the first data from Abell 370 available on MAST con-
current with the publication of this paper. Mosaics will
be available on MAST first, with value-added catalogs
and a variety of mass and lensing models made available
later.
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